Heat production during and after contraction of isolated rabbit papillary muscles was measured at 20° C with metal-fllm thermopiles. Under control conditions (0.2 Hz, pH 7.4) total heat and steady-state force production due to 120 twitches were 1.0±0.4 J/g and 29.5±5.1 mN/mm 1 (mean±SD; n=5), respectively. Increasing the CO 2 of the bicarbonate-buffered superfusate from 5% (pH 7.4) to 24% (pH 6.6) led to a decrease of force and heat production, 54% and 72%, respectively, of the control value. The recovery heat-time constant, reflecting the time course of oxidative phosphoryiation, increased from 23.0±5.1 seconds at pH 7.4 to 69.5 ±34.7 seconds at pH 6.6. The ratio of recovery and initial heat equaled 1.06 under both conditions. Enhancing the metabolic rate by increasing the stimulation frequency to 1.0 Hz led, after an initial maximum, to a decline of force and heat presumably as the consequence of shortage of oxygen in the muscle core. The recovery phase in this case was characterized by a double exponential function having time constants of 7.6 and 64.4 seconds. When pH was lowered to 6.6 together with the enhancement of the stimulation frequency to 1 Hz, an additional exothermal process, unrelated to force production, was observed during contraction and for some time thereafter. It was concluded that severe acidosis slows down the rate of oxidative phosphoryiation and may reduce the economy of contraction. However, it does not change the nature of recovery and initial heat processes. These data suggest the possible mechanism of an additional exothermal process occurring at a high stimulus frequency and low pH. 1 No net lactate production takes place.
For amphibian skeletal muscle, it has been shown that both the rate of oxygen uptake and of recovery heat production after a tetanic contraction slow down when pH is lowered by an increase in the external CO 2 . 3 Since only recently a more detailed analysis of the time course of oxygen consumption and recovery heat production has been described for heart muscle, 1 -4 the effects of a decreased pH on aerobic cardiac recovery metabolism have not yet been studied. This study addresses that very question by measuring the heat produced during and after contraction of isolated rabbit papillary muscle. In our experiments we lowered pH through elevation of CO2 and studied the effects at different levels of metabolic rate obtained by pacing at different frequencies (0.2 and 1.0 Hz).
Materials and Methods

Preparation
Rabbits (New Zealand White, 2.7-3.5 kg) were injected intravenously with 150 IU heparin. The animals were killed by a blow to the neck, and the hearts were rapidly excised. The isolated hearts were exsanguinated in a series of four beakers with an oxygenated solution at 37° C containing (mM) NaCl 128, KC1 4.7, CaCl 2 1.4, Mgd 2 1.1, NaHCO 3 20, NaH 2 PO 4 0.4, and glucose 11.1. This solution was routinely used for dissection. Experiments were performed at 20° C in a solution containing (mM) NaCl 127, KC1 2.3, MgSO, 0.6, KH 2 PO 4 1.3, NaHCOj 25, CaCl 2 2.5, and glucose 5.6. This saline was chosen to establish conditions comparable with those often used in heat measurements. 5 Papillary muscles (length, 3.6-7.2 mm; diameter, 0.60-1.32 mm; blotted weight, 0.89-6.60 mg) were selected from the right ventricle. Subsequently, a small platinum ring was tied to the tendon, and a platinum hook was tied to the base of the muscle with silk threads (diameter, 0.04 mm). The muscles were mounted vertically, base up, on the thermopile. The hook was suspended from a micrometer, and the ring was attached to a force transducer.
Experimental Set-up
Muscle temperature was measured with thermopiles made by vacuum deposition of bismuth and antimony on a mica substrate, as described in detail by Mulieri et al. 6 The length of the active region of the pile, containing 22 junctions, was 5.7 mm. Stimulation (block pulses of 2-4 V, 3-4 msec) was achieved through two platinum electrodes cantilevered from the frame. Stimulus heat was negligible.
The sensitivity of the thermopiles was determined by two methods. In the first method, the voltage output of the thermopile was recorded when it was rapidly transferred between two water baths with a temperature difference of approximately 10° C. The other method was based on the Peltier effect. 7 This method makes use of various small silver strips of known heat capacity placed on the active junctions. A small amount of glycerol was used to improve thermal contact between the silver strips and the mica. The results for the two methods agreed within 4%, and an average value was used (77.0 and 84.5 /xV-K" 1 -junction for the two thermopiles). Thermopile output was measured with an ANCOM CM 1251 chopper amplifier (ANCOM Ltd, Cheltenham, UK). The amplifier output was filtered to give a bandwidth of DC-25 Hz (-12 dB point). To convert the recorded temperature changes into values for heat production, correction was made for heat loss, and the effective thermal capacity was taken into account. The rate of heat loss was determined by heating the muscle using the Peltier effect. The Peltier effect was used also to determine the effective thermal capacity. 4 Heat quantities were expressed per gram blotted weight.
Force produced by the muscle on the thermopile was measured with an Akers force transducer (model AE801, Aksjeselskapet Mikro-Elektronikk, Horton, Norway). Temperature and force were recorded on a chart recorder and simultaneously sampled by a Mine 11/23 computer (DEC, Maynard, Massachusetts) at sampling frequencies of 20 and 10 Hz, respectively.
Protocol
For 2 hours before the start of the experiment, the muscle on the thermopile was submerged and stimulated to contract isometrically at 0.2 Hz to allow it to adapt to the experimental conditions. The thermopile chamber was continuously gassed with 95% O 2 -5% CO 2 . During this period, active force continuously increased to attain a steady level. After equilibration, the gas mixture was replaced in random order by either 76% O 2 -19% N 2 -5% CO 2 or 76% O 2 -24% CO 2 . The pH values of the experimental solution, containing a bicarbonate buffer (see above), were 7.4 and 6.6, respectively, due to the different partial CO 2 pressures. The oxygen concentration in both mixtures was chosen to be the same to avoid any effect of oxygenation.
Under both conditions, force and temperature were measured from trains of 120 twitches at stimulus frequencies of 0.2 and 1.0 Hz, which were chosen in random order. The time between successive trains was large enough to allow the muscle to recover completely from previous activity.
Analysis
Production of heat due to twitch contractions can be divided into initial heat and recovery heat. The initial heat reflects the chemical changes during contraction, whereas recovery heat results from processes restoring the muscle to its original state. The ratio of recovery and initial heat is called the recovery ratio. At the onset of a twitch train, initial heat production occurs on a rising baseline due both to a gradual increase of recovery heat rate and the accumulation of heat from previous contractions ( Figure 1A) . After some time a steady state is reached. When stimulation of a muscle that is contracting regularly in a steady state is stopped, temperature drops to the baseline ( Figure 1A ) with a time course that is a function of the system through which heat is lost from the muscle and of the heat producing or absorbing processes continuing in the muscle. As described in full detail elsewhere, 8 in a true steady state the time course and magnitude of the temperature decay are independent of the moment at which stimulation stops. Therefore, we may shift the temperature decay over n twitches during the steady state, as shown in Figure 2A , and subtract the shifted trace from the recorded one, obtaining the temperature change due to the last n steady-state twitch contractions. An example for 10 twitches is shown in Figure 2B . After correcting the temperature recordings for heat loss and taking the thermal capacity into account, heat rate can be obtained as a function of time ( Figure 2C ). 4 Time courses of postcontractile recovery heat production were fitted by single or double exponential functions with a nonlinear least-squares method. Recovery heat production during contraction and the recovery ratio were determined by a method based on the notion that the rate of recovery heat is at any instant proportional to the amount ofphosphocreatine hydrolyzed and that the mitochondria follow first-order kinetics. For further details see Mast. 8 The maximum rate of recovery heat production was used to calculate whether the muscle was likely to have had an anoxic core during stimulation. To this end, the recovery heat production was expressed in oxygen consumption units; a calorific equivalent of 87.6 ml O 2 per kJ recovery heat was used. 10 The oxygen consumption values could then be used in an oxygen diffusion model described and evaluated previously.
1 Calculations indicated that at 0.2 Hz six of the 11 muscles studied were expected to have had an anoxic core at pH 7.4; this held true for three muscles at pH 6.6. At a stimulus frequency of 1.0 Hz, all 11 muscles developed anoxic cores at both pH values.
Results
Control Force and Heat Production
Recordings of force and temperature under control conditions, that is at pH 7.4 and at a stimulation frequency of 0.2 Hz, are shown in Figure 1 . Developed tension increased over 10-15 twitches and attained a quasi steady-state level gradually thereafter ( Figure IB) . At optimal length, developed peak stress was 29.5±5.1 mN/mm 2 (mean±SD; n=S). At the onset of a twitch train, average muscle temperature, on which the initial heat deflections were superimposed, rose due both to a gradual increase of recovery heat rate and the accumulation of heat from previous contractions ( Figure 1A ). After about 20 twitches (100 seconds), average heat loss almost balanced average heat production. The slow increase seen in the temperature tracing corresponds to the slow rise in force development. Total heat production due to the entire train of 120 twitches equaled 1.0±0.4 J/g (mean±SD; n-5), whereas the last 10 twitches produced 0.116 ±0.048 J/g.
Decreased pH at 0.2 Hz
The most marked effect of a pH decrease on mechanical performance was a decline in force development; on average, maximum peak stress was 54% of control ( Figure 3 , Table 1 ). Apart from the decrease in amplitude at pH 6.6, force development remained stable during the twitch train. Examples of recordings of temperature and force of the last 10 twitches are given in Figure 3 . Table 1 gives a statistical account of mechanical and myothennal data. In correspondence with the drop in force, less heat was produced at low pH (lower tracings) than at pH 7.4 (upper tracings), though it only went down to 72% of control. In addition, an increase of the recovery time constant was observed at low pH, on average from 23.0 to 69.5 seconds. The recovery ratios determined under the two conditions both equaled 1.06.
Increased Stimulus Rate at pH 7.4
Whereas at 0.2 Hz the twitches were fully separated in time, at the onset of a 1-Hz twitch train, consecutive contractions were partly fused but became more and more separated thereafter. However, relaxation never became complete. During the initial phase, this twitch fusion enhanced force production. Typically after 10 twitches a maximum was reached, followed by a continuous decline (Figure 4 Figure 6A , inset). Force development significantly exceeded force at 0.2 Hz only during the initial transient (Table 2) . Calculations, based on an oxygen diffusion model, 1 revealed that at 1 Hz all muscles studied developed anoxic cores, which is no doubt related to the force decay.
Although stimulus frequency was increased fivefold with respect to the 0.2-Hz experiments, the total contraction-related heat production of the entire twitch train was only about twice as high (/>=0.06, paired t test). The analysis of the recovery phase at 1 Hz is described below. Values are given as mean±SD. n, number of normojric experiments; R, recovery heat; I, initial heat. A paired t test was done on the five muscles from which results could be paired.
•Significant atp<0.05.
Decreased pH at 1 Hz
The main effect of a decreased pH on force production was a reduction of maximum peak stress obtained in any contraction to 82% of the control and a reduction in the peak stress of the last contraction to 69% of the value at pH 7.4 and 1 Hz (Table 3) . Thus, not only was less force produced, but the decline was steeper as well. Figure 5 shows an uncorrected recording of temperature in which two unexpected features may be observed. Firstly, during stimulation when force began to fall, temperature (and consequently heat rate) continued to increase. Apparently, an additional exothermal process unrelated to force production was present. Secondly, after the end of stimulation, the recovery phase was not characterized by a smooth, exponential decay, as clearly shown in preceding figures, but exhibited a definite shoulder.
In Figure 6 the time courses of force and heat rate at the two pH values are compared. The heat rate tracings were each obtained by averaging, after heat loss correction, recordings from 11 muscles. The pattern of heat production at pH 7.4 correlated well with that of force development: a decay in force was accompanied by a decreasing heat rate ( Figure  6A ). After the end of stimulation, the recovery time Values arc given as mean±SD. r, number of experiments. A paired f test was done on the five muscles from which results could be paired.
•Significant at/><0.05. course could be best described by a double exponential function having time constants of 7.6 and 64.4 seconds and relative amplitudes of 74% and 26%, respectively. At the lower pH, the heat rate initially decayed with force production but started to increase again after about 40 seconds, despite the fact that force continued to decline. After the end of the twitch train, heat rate fell rapidly to about 50% and returned more slowly to the baseline level thereafter ( Figure  6B) . To obtain the time course of heat produced by the additional exothermal process, the heat rate in Figure 6A was subtracted from the one in Figure  6B . The result is shown in Figure 6C . The subtraction was carried out from the moment indicated by the vertical broken line through the end of the curve. Before subtraction, the heat rate of Figure  6A was rescaled with respect to Figure 6B so that the values indicated by the broken line were the same. From Figure 6C it can be seen that the additional exothermal process is continuous throughout the contractile and recovery phase. The discontinuity in Figure 6C may reflect small differences between the tracings of Figure 6A and 6B, which are probably unrelated to process of interest; however, we cannot exclude altogether the possibility that at low pH some process is switched off more rapidly. We indicated the supposed continuity of that process by a dashed line.
Total heat production found at pH values of 7.4 and 6.6 with 1 Hz is given in Table 3 . Interpretation of those values should be made with some caution because the temperature tracing did not always return precisely to the precontraction level. Recovery ratios were not determined at 1 Hz because the requirement of monoexponential recovery was not fulfilled. 2 It is well known that CO 2 added extracellularly can easily penetrate the cell and combine with water to form carbonic acid, which dissociates into bicarbonate and hydrogen ions leading to a decrease in intracellular pH.
11 - 12 We have not measured the pH in the cell (pHj). From the work of others, 13 we can assume that due to slow recovery the final change in pH, will probably be no more than 0.2 units.
It is known from studies on chemically skinned heart muscle that a reduction of pH affects the sensitivity of the contractile system for Ca 2+ . The maximum force produced by such preparations decreases with pH while the maximal calcium activation-force relation also shifts to the right, that is, to lower maximal calcium activation values. 14 -15 Although the mechanism for the effect of pH on the calcium sensitivity of the contractile system has not yet been fully elucidated, evidence is available indicating that pH reduces the affinity of troponin C for calcium. 16 However, the changes of force with pHj in intact muscle are not solely determined by the changes in calcium sensitivity of the contractile apparatus. It has been suggested also that calcium release (and subsequent uptake) of the sarcoplasmic reticulum changes with changes in pHj. For ferret papillary muscle for instance, Orchard 17 concluded that, after an initial decrease, Ca 2+ release from the sarcoplasmic reticulum is probably enhanced secondary to an increase in resting Ca 2+ when CO 2 is increased from 5% to 20%.
If calcium release and uptake are increased without much effect on force production, it is to be expected that the energy cost of contraction is enhanced. In our experiments, the increase in CO 2 from 5% to 24% caused force production to drop from about 30 to 16 mN/mm 2 ( Table 1) . A decrease was also found in the corresponding amounts of total heat produced during the last 10 twitches of the stimulus train (116-84 mJ/g). From these total heats and the recovery ratios of 1.06 (Table 1) , we can estimate the initial heat per twitch to be 5.63 and 4.08 mJ/g for normal and low pH, respectively. In heart muscle the initial heat is probably fully accounted for by the hydrolysis of phosphocreatine. 4 Therefore, from the ratio of developed stress and the initial heat per twitch, a measure of the economy of contraction is found. 5 To obtain a dimensionless ratio, heat was expressed per unit muscle volume, assuming a muscle density of 1.05 g/em 3 . The economy decreased from 5.0±1.4 (mean±SD, n=5) to 3.7±1.0 (mean±SD, n=8) with the fall in pH,; however, this change was not statistically significant.
The measured and the predicted recovery ratio are not significantly different of the initial heat reflects phosphocreatine hydrolysis. The predicted ratio equals 1.23, assuming a P/0 2 of 6.2 (glucose as substrate) and a molar enthalpy of phosphocreatine splitting of -34 kJ. 18 The values of 1.06 found in the present study for 5% and 24% CO 2 at a stimulus rate of 0.2 Hz are also not significantly different from 1.23. The lack of independence of the recovery ratio on CO 2 suggests that the nature of the initial and recovery processes, that is, phosphocreatine hydrolysis and oxidative phosphocreatine formation, respectively, may remain unchanged when pH| decreases. However, this conclusion should be regarded with some caution because the decrease in pH f may result in an increase of the molar enthalpy change of phosphocreatine splitting, which thereby increases the predicted recovery ratio. We do not know the change of pH|, but if we assume it to be 0.2 pH units (compare with above), the predicted recovery ratio would become 1.36. 18 pH; has a major effect on muscular recovery time. The time constant of the single exponential fitting the recovery heat increased about threefold, from 23 to 70 seconds. This is in agreement with the observation on frog sartorius muscle made by D.K. Hill almost half a century ago. 3 He showed that the time for oxygen consumption and recovery heat production after a tetanus became longer with a decrease in pH.
The mechanism responsible for the increase in time required for oxidative phosphorylation after the mechanical activity is not clear. There are reports in the literature about the occurrence and significance of a protein inhibiting the mitochondrial ATPase. The inhibition can be triggered by a pH drop caused by ischemia. 19 It is, however, unlikely that this inhibitory protein is causally related to the threefold increase of the recovery heat time constant because it has been shown that the inhibitor is unidirectional in its action and blocks ATP hydrolysis but not ATP synthesis during substrate oxidation. 20 - 21 Williamson and coworkers, 22 who studied the effect of pH on glycolytic flux and citric acid cycle activity in whole hearts, claim that within 30 seconds after the pH transition, an intramitochondrial increase in H + causes inhibitions at the citrate synthase and the dehydrogenase sites, which result in a fall of the adenine nucleotide energy balance in the heart. Such effects may well play a crucial role in causing the threefold increase of the recovery time constant with a decrease in pH. 1 Hz at 5% and 24% CO 2 A stimulus train of 120 twitches at a frequency of 1 Hz causes force to rise rapidly at the beginning above the value found at 0.2 Hz. Thereafter, force decays during the remainder of the twitch train to about 75% of the initial maximum (Table 2) . We showed in a previous publication 1 that this decay in force corresponds to the development of an anoxic core at such high frequencies. The average heat rate shown in Figure 6A indicates that the rate of energy release follows the decay of force during stimulation. However, the decay is less ( Figure 6A ) than the 25% (Tables 2 and 3) found for the force. This difference may be associated with a decrease in the economy of force production during the twitch train through a mechanism similar to that discussed above; the high stimulus rate leads to lactate formation in the hypoxic core, which causes pHj to decrease in the center of the muscle.
The two time constants that were found to fit the recovery heat rate of the muscles that were stimulated at the high rate cannot easily be related to well-defined metabolic processes. Interpretation is not only hampered by the fact that these muscles have both well-oxygenated and hypoxic regions but also because the relative extent of each of these regions changes with time during recovery.
Comparison of the average heat rate records of Figure 6A and 6B reveals a surprising phenomenon. A stimulus rate of 1 Hz at 24% CO 2 causes force to decay after the initial maximum; there is a similar decay at 5% C0 2 . The percentage decay is about 40% larger at 24% CO 2 (Table 3) . However, heat rate shows a secondary rise during the force decay at 24% CO 2 but not at 5% CO 2 . When stimulation stops, heat rate drops steeply to about half and then follows a time course quite different from that shown in Figure 6A . Subtraction of the heat rate records of Figure 6A and 6B ( Figure 6C) suggests that, at 1 Hz and low pHj, an extra heat-producing process is activated in the hypoxic core of the muscle. This process then continues for almost 2 minutes during the recovery phase before a recovery time course is followed that is more comparable with, but still higher than, the one at 5% CO 2 .
What is the nature of this process that is unrelated to force production and that leads to a very low economy? A possible explanation is that a large increase of intracellular calcium in the hypoxic core is responsible for it. Apparently the increase in cellular calcium due to a decrease in pH| caused by CO 2 17 is, in the muscle center, enhanced further by hypoxia. 23 - 25 The heat produced, which is related to this supposed calcium increase, may then come from the hydrolysis of ATP by calcium pumps and the reactions that follow it. Calcium pumping would be expected to continue for quite a time during the recovery because ATP supply is rather low in the hypoxic core. Recovery heat rate, at the time when this process appears to be over, is considerably higher than that found at the corresponding time in 5% CO 2 ( Figure 6 ); this fact also suggests that the extra heat is related to ATP hydrolysis and requires subsequent ATP formation.
Significance of the Findings
The mechanical and energetic effects of a decrease in pHj with or without concomitant hypoxia can, if they pertain also to the whole heart at 37° C, be regarded as unfavorable. The fall in force related to the decrease in pH depresses cardiac pump function; at the same time, the possibly beneficial effect of a decreased rate of ATP turnover is offset by an increased calcium load in the cell, which may ultimately become too high to manage. Moreover, acidotic heart muscle appears to have a considerably lower capacity to form ATP by oxidative phosphorylation than the normal myocardium. This may retard the positive effects of early rcoxygenation of ischemic heart muscle.
